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Abstract 

We consider the ASUSY model, a version of the NMSSM with large \H1H2S coupling, 
relaxing the approximation of large singlet mass and negligible mixing of the scalar singlet 
with the scalar doublets. We show that there are regions of the parameter space in which 
the lightest pseudoscalar can be relatively light, with unusual consequences on the decay 
pattern of the CP-even Higgs bosons and thus on the LHC phenomenology. 



1 Introduction 



The hierarchy problem, or the theoretical difficulty in accommodating for a small Higgs boson 
mass with respect to the ultraviolet (UV) completion of the Standard Model (SM), provides the 
best hope to see new physics at the CERN LHC In the case of the Minimal Supersymmetric 
Standard Model (MSSM) or its non-minimal extensions, one expects many new particles to 
show up in the range of hundreds of GeV at most. First of all, however, one has to look for 
the (lightest) Higgs boson himself, and the presence of these new light particles can result in a 
significant distortion in the Higgs boson couplings and decay channels with respect to the SM. 

This is of interest for the LHC not only in order to estimate the actual discovery potential, 
but also because in some situations the main decay channels can be totally non-standard. The 
former motivation amounts to the observation that the LHC at 7-8 TeV with ~ 1 fb~^ of 
integrated luminosity is expected to be able to exclude at 95% c.l. a SM-like Higgs boson with 
mass up to about 500 GeV [1] . Thus it makes sense to study configurations with non-standard 
Higgs decay channels in motivated models, so that we can know which model would be able to 
survive a negative result from the direct searches. The latter motivation is more urgent, since 
one has to know whether it is sufficient to look for a SM-like Higgs boson and then eventually 
properly rescale the cross section, or instead the experimental collaborations may have to look 
also for different signatures. 

A well-known potentially problematic possibility is a Higgs boson decaying in two light 
pseudoscalars h — )■ aa, where each a decays predominantly in hb (or 2 jets if < 2mf,), r+r~, 
and eventually two neutralinos, giving rise to final states with large SM background at the 
LHC. The importance of this decay channel was ffist emphasized in [2], later in [3], E], and 
then extensively studied in [5l El [3 |8]. In these last studies it is investigated whether it is 
possible to establish, for the Next to Minimal Supersymmetric Standard Model (NMSSM), a 
'no-loose theorem' stating that at least one Higgs boson should be discovered via the usual 
SM-like production and decay channels at the LHC throughout the entire parameter space. 
The result is that it is not easy to cover all the possibilities: in some difficoult cases 300 fb~^ of 
integrated luminosity at 14 TeV of c.o.m. energy are needed for a 5cr discovery, in other cases 
the theorem is not established yet. Models with the presence of a light pseudoscalar have been 
discussed also recently, both in supersymmetric [TUl [TT] and non-supersymmetric [0] contexts. 
Moreover recent results go in the direction of a complete proof of the no-loose theorem, such 
as [T2], [13] or [HI [151 IIHI El, although further study is still needed. 

This paper is focused on the case of ASUSY, that is a version of the NMSSM with relatively 
large XH1H2S coupling [18]. This model has received recent attention because it naturally 
allows a supersymmetric spectrum of non-standard type [19j^ in which the supersymmetric 
flavour and CP problems are ameliorated by means of hierarchical sfermion masses [211 [221 
l23l [2II [25l [26[ |27][^ realizing to some extent a 'more minimal'-like configuration [2^ without a 
large amount of finetuning [291 EH] . This is possible thanks to the increase in the lightest Higgs 
boson mass at tree level, which can be as large as 250-350 GeVfl The price to pay is that the 

^See also gU]. 

^See also [IS] for a recent study. 

■^See also for a comparison with other models with increased m^'"'^'^. 
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coupling A becomes large at a relatively low scale, signalling a change of regime in the theory 
which is left unspecified from a bottom-up point of view. As shown in the early studies of this 
idea, also called 'supersymmetric fat Higgs' [321 |33l [Ml [350 it is remarkable that possible UV 
completions do exist and can even be compatible with gauge coupling unification. The details 
of the UV completion are however irrelevant for the TeV-scale phenomenology, whose features 
are mainly determined by the large superpotential coupling A. 

The model under discussion has been thoroughly studied in the case of relatively large 
singlet mass, and thus small singlet vacuum expectation value (vev) and mixing with the other 
states [m |37] . The main purpose of this paper is to slightly extend the study of ASUSY to the 
case of lighter singlet with sizable vev and mixing with the scalar doublets, paying attention in 
particular to unusual Higgs decay channels. We show that there are regions of the parameter 
space in which the decay channels h ^ aa and h — )■ aZ are dominant, where h is a CP-even 
Higgs boson and a is a CP-odd one, thus reinforcing the need of dedicated experimental studies 
in order to extract as much as possible from the SM background. 

The model is defined in Section |2] and the relevant parameter space in in Section |3j Inter- 
esting 'non-typical' configurations are then discussed in Section |4} For a recent study of the 
NMSSM along similar lines, but in the complementary 'scale invariant' version of the model 
without superpotential mass terms, see also j38] . 



2 ASUSY 

The model is defined by the superpotentiaj^ 

W = ifx- \S) H1H2 + ^MsS^ (2.1) 

with large-ish A, and we consider the case of zero A-term [Ax = 0) and no cubic term ^S^ 
(i.e. k = 0, Ak = 0). Introducing an explicit fj, term means that we give up a solution of the 
II problem, focussing on the Higgs mass and finetuning problems. This approach is similar to 
[3H]. 

Since the dominant effects come from the large coupling A, we can neglect for simplicity the 
gauge couplings in the scalar potential and assume large gaugino masses. The result is: 

V = i4iS)\Hi\'' + iiliS)\H2\^ - ifiliS)H^H2 + h.c.) + A^liTii^al' + Vs{S) . (2.2) 

with H1H2 = HfH2 — H2 ■ In this approximation A ^ (7,(7' — )• and no tadpole term we 
have, including the usual soft masses m"^^^, the soft term b related to fi, and the soft mass of 
the singlet m|: 

f^hiS) = {\fi\' + mlJ-{Xi,S + h.c.) + \X\'\S\' (2.3) 
liliS) = b + \MsS , Vs{S) = i\Ms\' + ml)\S\' (2.4) 



*See also |361 for a recent proposal. 



^With this convention on the sign of A we have a positive for positive A and large positive Ms, see (2.9). 
Notice in fact that everything is invariant under S (vg), A —S (— fs), —A. 
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Notice that the 'effective' /i— term is given by: 

l^eff = fi- Xvs (2.5) 

where Vg is the vev of the singlet scalar. For simplicity we will assume all the various parameters 
to be real. The minimization gives: 

^ = tan/3 = ^ (2.6) 

AV = ml-f^l{v,)-f^l{v,) (where = ?MM) (2.7) 

Sin ^ fj 

= fil'{vs)vl + fil'ivs)vl-2fil'{v,)viV2 + V;,{v,) (2.8) 



where -i/vf + f | = t> = 174 GeV is the usual electroweak vev. From the last equation we obtain, 
in our case: 

We then see that for large /i| = jM^p + m| the vev Vg is small. What we want to do is 
to partially extend the analysis of [IH][SZ1 to the case of smaller fis, and thus sizable Vg and 
mixings. 

For our purposes it is sufficient to compute the various scalar masses at tree level. Let us 
consider the CP-even scalar mass matrix, assuming no spontaneous CP violation as imposed 
in Section [HI We define: 

Re[H^,] = vi + ^ , Re[H^]=v2 + ^ , Re[S] = Vs + ^ (2.10) 
v2 v2 v2 

and the mass matrix in the {Si, S2, S3) basis takes the form (t> = 175 GeV): 

(m^sin^/3 (A^f^ — ^m^) sin2/3 — 2AyUe//f cos/3 — AM5f sin/3 \ 
m^cos^/3 — 2A/ie//f sin/3 — AM^f cos/3 . (2.11) 

4 + x'v^ J 

For the CP-odd scalar sector we have: 

= ^^^^^l^f^ , Im[H^,] = ^^^^^^^l^f^ , Im[S] = ^ (2.12) 

where is the degree of freedom that is eaten-up to give mass to the weak vectors. In the 
basis (Pi,P2) the mass matrix is: 

- ( ""^ ) ■ 

Finally in this 'gaugeless' approximation we have: = m\ — A^f ^. 
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3 Parameters and constraints 



A full set of free parameters is given by: 

\, tan (3 , mH± , Heff , Ms , Us ■ (3.1) 

There are then some theoretical constraints on the parameter space. First of all we have to 
require that the potential is stable. A sufficient condition is: 

f3 + 2XfieffVs + X^vl>0 (3.2) 
|/x|2</i?(0),/x2(0) ^ rnl^>J^ (3.3) 

COS fj 

besides /x| > 0. It is also clear that under these conditions the charged fields do not take a vev, 
so the electromagnetism is unbroken. Notice that, after imposing the above conditions, without 
special relations among the parameters there are only two stationary points: Vi = V2 = Vg = 
and the solution in which all the three vevs are nonzero. Thus the analysis in |10] is not of 
concern in this case. 

The condition for EWSB is then: 

l^l{vs)l^l{vs) < il^livs)? <= m^±>0. (3.4) 

We should now impose that the Hessian is positive definite in (fi,f2,fs), so that this point is 
a local minimum. Hovever since the potential is stable and the only other stationary point is 
(0, 0, 0), it is sufficient to impose V{vi, V2, Vg) < V{0, 0, 0) = 0, that amounts to: 

n 9 A^f ^ 9 ^ , sin 2/3 , ^ , sin 2/3 , , 

^.Vl < sm^ 2/3 ^ l/ie// + -^Ms\ < -^f^s (3.5) 

with /i5 > (see also below). We also set |/ie//| > 100 GeV to satisfy the LEP bound on the 
chargino masses, in fact in our limit of heavy gaugino masses the lightest chargino has mass 

\Mf\- 

Finally we impose that there is no spontaneous CP violation. Replacing V2 — )■ f 26*^ , Vg — ?■ 
Vge^"^, we obtain in the potential the following phase-dependent terms: 

AV = — 2A/ifsf ^ COS0 — 2yU3(0)i;if2 cos6' — 2XMsVsViV2 cos{9 + (p) . 

The condition for avoiding spontaneous CP violation, with a potential of the type V = A cos 0+ 
Bcos9 + C cos((/) + 9), can be written in the form A + C > and B + AC + EC > 0. This is 



equivalent to impose that the eigenvalues of (2.13) are real and positive. The resulting condition 



produces cuts on the values of fJ^eff, independently of mH±. Notice that we are not assuming 
Vg > (see footnote [5]). 

Let us finally discuss in which portion of the allowed parameter space we can have a light 



pseudoscalar. Looking at the the CP-odd scalar mass matrix (2.13 ), we see that to have a small 
eigenvalue we need Ms > /is, which implies a negative soft mass m| < 0. Because of (3.5) we 
also need fis not much different from |/ie//|, and ^eff < 0. 
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fis = 1000 


Ms = 500 


tan /3 = 1.5 


A = 2 


Ueff = 120 


mfj± = 300 


ruh = 192 


TTlHi = 338 


rriH^ = 1088 


= 424 


= 1075 


= 63 


Ghvv = 0.91 


Ghtt = 1.16 


r*f* = 5.0 


GhiVV — 0.36 


Gh,u = 0.26 


r*?* = 1.7 


decay channel: 


ZZ 


WW 


AiZ 


XX 




BRh (%) 


4.7 


14.0 





81.3 





BRh, (%) 


30.9 


67.3 





1.8 






[vj , (/is= 1000, Mx= 500, tan/?= 1.5, A= 2) 



[Ghvv] , Gh„ (jus= 1000, Ms= 500, tan/3= 1.5, A= 2) 




[mAi] , HiHi (/Jx= 1000, Ms= 500, tan/3= 1.5, A= 2) 



6M 





jp3 



-400 -300 -200 -100 100 200 300 



BR,,_>^,^,(%) (,us= 1000, Ms= 500, taiV3= 1.5, A= 2) 



-400 -300 -200 -100 100 200 300 




Figure 1: Contourplots of the relevant masses, couplings and Branching Ratio (BR) in 
the (/ie//, ?7ij|^±)-|9Zane, in a configuration with heavy pseudo scalar, for comparison. The 
quantity in squared brackets in the caption is shown with dashed lines and framed labels. 
The dark shaded region corresponds to > 2my., the light shaded one is excluded because 
< mz/2. A sample point is given in the Table above. Masses in GeV. 
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fis = 300 


Ms = 600 


tan /3 = 1.5 


A = 2 


fieff = -150 


m/^^i = 300 


rrih = 233 


rriH^ =256 


mj:^2 = 552 


TTlAi = 50 


m^2 = 650 


= 145 


Ghvv = 0.84 


Ghtt = 0.76 


r*f* = 4.5 


GhiVV — 0.32 


Ghi^ = 0.92 


r*?* = 2.3 


decay channel: 


ZZ 






XX 




BRh (%) 


13.5 


32.0 


0.3 





54.2 


BRh, (%) 


6.1 


14.2 


55.2 





24.5 



[v,] , mi, (fis= 300, Ms= 600, tanjS= 1.5. A= 2) 



[Ghvv] , Gh„ {,us= 300, M5= 600, tany8= 1.5, A= 2) 




R 

I 1-^^ 



-200 



[mAi] , mHi {ns= 300, Ms= 600, tarvS= 1.5, A= 2) 





BR,„aa(%) (/'5= 300, Ms= 600, tarv3= 1.5, A= 2) 



-200 




260^ 

-200 -190 -180 



Figure 2: Contourplots of the relevant masses, couplings and BR in the {fieff,^H^)' 
plane, in a configuration with a light pseudoscalar. The quantity in squared brackets in 
the caption is shown with dashed lines and framed labels. The shaded region corresponds 
to nifi > 2mA_-^. A sample point is given in the Table above. Masses in GeV. 
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4 Results and Conclusions 



We are mostly interested in studying the production and decays of the hghter neutral CP-even 
Higgs bosons h and Hi, which can mimic a SM-like Higgs boson with mass below 500 GeV. 
The dominant production mechanism for the neutral scalars is the gluon fusion, as long as the 
coupling to the top quark is not extremely suppressed [12] |2Z] • We can thus quickly estimate 
the production cross section for s = h,Hi by simply multiplying the production cross section of 
the SM Higgs boson times the square of the reduced couphng Gstt = Qstt/ Qsu , which depends 
only on the mixing angles (see Appendix, or Table 3 of |12])- This estimate is precise in the limit 
of relatively heavy stops, as naturally allowed in this context, so that their contribution to the 
gluon fusion amplitude is subdominant. For the decay the main modes are, when kinematically 
allowed: h,Hi — )• WW, ZZ, A\Z, A\A\, xXi where x is the lightest neutralino, and: Hi — )■ hh, 
ti. We neglect for simplicity all the other subdominant modes, since the LHC projection of 
95% exclusion of a Higgs boson below about 500 GeV [I] is mostly based on the decay into 
vectors. This also means that the actual discovery potential can be estimated by rescaling the 
SM Higgs boson production cross section by G\^^ x BR{h — )■ WW, ZZ), and analogously for 
Hi whenever mu^ < 500 GeV. 

In the Figures [T] and [2] we report two representative examples of what can happen, focussing 
on the situation where mu^ < '2mh, 2m,t (for the case in which these channels are open too, see 
|37j). In the first one we report, for comparison, a 'typical ASUSY' configuration with heavy 
pseudoscalar and inverted spectrum rrih < rnH± < < ?^Ai- In this case the only channel 
that can deplete the decay of the light scalars into vectors is the decay in two neutralinos. With 
our conventions (see footnote [sj we have a heavier h with smaller coupling to XX ^^i fXeff < 
- small Vs, and a lighter h with larger coupling to xX for /^e// > - sizable Vg. In the case 
of Figure |2] we have a 'non-typical' ASUSY configuration with Ai sufficiently light so that the 
channels h ^ AiAi and h ^ AiZ are open, and we see that the first one can be dominant in 
some regions of the parameter space. 

Figure [3] gives a more precise idea of what the BRs look like, including those of Hi. We see 
that for both h and Hi we can have BR{-^ AiAi) ~ 60%, thus depleting again the decay into 
vectors. For the decay in AiZ the situation can be even more peculiar, especially where the 
Hi — 7- Ai^i, XX modes are closed. In fact in this region Hi can decay only in AiZ or vectors; 
but the two corresponding couplings are orthogonal (see Appendix), so that there is a small 
region in which it decays practically onljj^in AiZ. 

To sum up, the conclusion of this quick analysis of 'non-typical ASUSY' is duplex. First of 
all we demonstrated that there are configurations in which the coupling of the 'candidate SM- 
like Higgs bosons' to the top and their BRs into vectors are significantly reduced. The relevant 
cross sections can be reduced by a factor of order 10, thus allowing the model to survive an 
eventual negative result from the first direct searches at the LHC although with smaller allowed 
parameter space. More importantly, we showed that there are cases in which unusual modes 
like AiZ and AiAi, with Ai going then predominantly in bb and rr, can dominate the decays 
of one or both of h and Hi. This indicates that it may be necessary to further study these 
unusual channels in order to try to extract as much as possible from the SM background, that 

^Remembering that we neglected other subdominant channels. 
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[BR,„az],BRhi^az (%) (tis= 300, Ms= 600, tarv3= 1.5, A= 2) [BR,„aa],BRhi^aa (%) te= 300, Ms= 600, tan^= 1.5, A= 2) 

400 : 



i= 350 





-240 -220 -200 -180 -160 -140 -120 
An 



-220 -200 -180 -160 -140 -120 



Figure 3: Contourplots of the BRs ofh and Hi in AiZ and AiAi in the same configuration 
as in Figure^ in the {^J^eff^ 'mu±)-plane. The quantity in squared brackets in the caption is 
shown with dashed lines and framed labels. In the shaded region the corresponding channel 
is open, and mn-^ < 2mt, 2mh so that the channels Hi — t- /i/i, ti are closed. Masses in 
GeV. 



is not easy to tame. 

It is remarkable for example that the possibility [HI, HJl US] that a Higgs boson decaying 
mainly as h ^ aa At had escaped the LEP search has been ruled outj^ by the ALEPH 
Collaboration only in recent times, by re-analyzing data many years after the closing of LEP 
|44j . This shows how important is that all the non-standard possibilities are kept in mind from 
the very beginning, since most likely at the LHC, due to the strong selection in the recorded 
events, such later analyses will not be possible at all. 



Acknowledgments 

I thank Riccardo Barbieri for useful suggestions. This work is supported in part by the European 
Programme "Unification in the LHC Era", contract PITN-GA-2009-237920 (UNILHC). 



Appendix: Relevant couplings 

For completeness, we report the couplings that are relevant for the above discussion. We define 
gp^p^p^ as what enters in the Feynman rule for Pi,P2,P3, apart from a factor i and eventually 
the metric g^i, or terms like {pi + P2)'^Gfi- 

'^Although there may still be room for this possibility if a decays mainly into hadrons [45] , 
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For the couplings hVV and htt we define the reduced couphngs (see also Table 3 of [12]): 



G 



hVV 



QhW 

9hvv 



G 



htt 



Qhtt 



where: g^^y = V2 



m 

V 



) yhtt " 



x/2 • 



(4.1) 



If the mass matrix (2.11 ) is diagonalized by the rotation: R^^^'^ M^^^ R^~^\ and we call the mass 
eigenstates as: (5*1, 5*2, 83)^ = R^'^\h, Hi, H2Y ? we then have: 



Ghvv = R\^^ cos P + R^^smP ^™^sin(/3-a) , G 



htt 



R^^^ 2Hmi COS a 



sin/3 



sin 13 



(4.2) 



where in the last step we recovered the result of a general 2 Higgs Doublet Model in the limit of 



no mixing with 6*3, with R 



(+) 
11 



— sin a and i?. 



(+) 
21 



cos a. Here and below, the corresponding 



couplings of Hi are given by the same expression with the replacement: R^^ — )■ R 
For the coupling hAiZ we have (see also [46]): 

^9^ + 9'^ 



?(+) 

'x2 ■ 



c 



{Sd^Pi + Pid^S) where: S = -sin 13 Si + cos /3 ^2 • (4.3) 



As a result, if we diagonalize the mass matrix (2.13) through the rotation R^~^'^ M^"^ R^^\ and 
we define: (Pi,P2)^ = -R'-~'*(^i, ^2)^ , then the Lagrangian coupling (or, equivalently, what 
multiplies i{ph +PAi)ij.^z i^i the Feynman rule) is given by: 



9hAiZ 



V9^ + 9'^ 



sin/3i?!t^ + cos/3P^T0^n 



/2 



cos(/3 - a) . (4.4) 



Notice that this combination of scalar fields is orthogonal to the one with coupling to VV. 
The Lagrangian for the coupling hAiAi is: 



^S^P^ - ^Pi{Si cos/3 + ^2 sin/3) 
V 2 V 2 



(4.5) 



\Ms 



sin 2/3 

S3PI + P1P2 {Si cos /3 + ^2 sin /3) 



71 



[Si cos^/3 + 52sin3/3] P^ , 



so that the corresponding coupling is given by: 



^ = ^^TH^ST^ - t|(^27^)'(4t^ cos/3 + sin/3) - ^ 



(+)/ n(-)\2sin2^ 



i?;,T^(i? 
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+p!i ( i?!t^ cos /3 + P^t^ sin /? 



V2 



P!t^ cos^ /3 + P^t^ sin^ /3 (Pj^ 



(+), 



(4.6) 



For the decay in two neutralinos we consider the limit in which the gauginos are heavy or 
equivalently the limit of small gauge couplings, so that the singlino mixes with the Higgsinos 
only. The relevant Lagrangian is then: 

C = -l (ifi - XS){-NiNi + N2N2) - XHi{S^^+ o) - XH2{S^^+ o) + MsSS + h.c 



V2 
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where Ni = ^^^^ , N2 = ^^^^ ? and Ms is the superpotential mass term of the singlet. The 
resulting mass matrix is: 



|(iVi, N2, S) (iVi, N2, S'f + h.c, with: 











V2 

Ms 



\ 



J 



(4-7) 

Thus in the limit tan/3 ^ 1 the combination Ni = {Hi — H2)/V^ has mass ~ \l^eff\, while the 
orthogonal combination mixes with S. The relevant coupling is then given by: 



where M^ has been diagonalized by R'-^^^M^R^^\ so that: (A^i, A^2, S)^ = R'-^^Xi, X2, Xs) 



(4.8) 
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